Summary Rubber (cis-1,4-polyisoprene), an important raw material for many industrial uses, is synthesized in the latex of Hevea brasiliensis (Willd. ex A. Juss.) Müll. Arg. We postulated that the genes uniquely or preferentially expressed in the latex may be important for rubber biosynthesis. We constructed cDNA libraries from the latex of H. brasiliensis to investigate the genes expressed in the latex by single-run partial sequencing of the cDNA clones. Sequence analyses identified 245 expressed sequence tags (ESTs), of which 57% showed homology to previously described sequences in public databases. About 16% of the database-matched ESTs encode rubber biosynthesis-related proteins such as rubber elongation factor (REF) and small rubber particle protein (SRPP). The second most frequent transcripts next to rubber biosynthesisrelated genes were defense genes and protein metabolism-related genes (12.6% each). About 27% of the database-matched ESTs had sequence homology with genes of unknown function. Among the redundantly expressed genes, REF was the most frequently expressed (6.1%), followed by SRPP (3.7%) and HbLAR (2.9%). Northern blot analyses showed that ten (71%) of the 14 ESTs studied were expressed at a higher level in latex than in leaves.
Introduction
Natural rubber (cis-1,4-polyisoprene), a secondary metabolite for which the producing plant has no obvious use, is an important raw material for many industrial purposes. Despite the availability of petroleum-based synthetics, natural rubber is highly valued because no synthetic substitute has comparable elasticity, resilience, and resistance to high temperature (Anonymous 1991 , Davies 1997 . The world supply of natural rubber (estimated at 6.54 million Mg in 2000) is barely keeping up with demand (7.49 million Mg), and the gap between supply and demand is expected to widen significantly in the future. Smit and Burger (1994) predicted a global demand for 11.68 million Mg of natural rubber in 2020. Although rubber is produced by about 2,000 plant species (Backhaus 1985) , the only commercially viable source is Hevea brasiliensis (Willd. ex A. Juss.) Müll. Arg. (the Brazilian rubber tree), mainly because this species produces large quantities of high-quality rubber. Diminishing acreage of rubber plantations and a lifethreatening allergy to Hevea rubber, coupled with increasing demand, have renewed interest in the study of rubber biosynthesis and the development of an alternative rubber source.
In H. brasiliensis, rubber is synthesized on the surface of particles suspended in latex, which constitutes the cytoplasm of laticifers. Laticifers are ducts in the phloem of the rubber tree. When severed during tapping, high turgor pressure inside the laticifers expels latex which contains 30-50% (w/w) of cis-1,4-polyisoprene. Gene expression patterns in the latex are therefore of interest for the study of rubber biosynthesis. It is also possible that the gene encoding rubber transferase, a key enzyme responsible for the polymerization of polyisoprene, is among the latex-specific genes. Genes expressed in the latex of Hevea can be grouped into three categories based on the proteins they encode: (1) defense (Broekaert et al. 1990 , Martin 1991 , Chye and Cheung 1995 , Sivasubramaniam et al. 1995 ; (2) rubber synthesis-related; and (3) allergenic proteins (Akasawa et al. 1996 , Slater et al. 1996 , Yeang et al. 1996 , Sowka et al. 1998 . Kush et al. (1990) have shown differential expression of several rubber biosynthesis-related genes in the latex. The rubber elongation factor (REF) , an enzyme involved in rubber biosynthesis (Dennis and Light 1989) , is highly expressed in laticifers (Goyvaerts et al. 1991) . Other rubber synthesis-related genes, such as HMGCoA reductase (Chye et al. 1992 ) and small rubber particle protein (SRPP) (Oh et al. 1999) , are also highly expressed in the latex. Tupy (1988) reported the presence of ribosomes and polysomes in laticifers. About 200 distinct polypeptides are present in the latex (Posch et al. 1997) . Arokiaraj et al. (1998) observed that the GUS gene introduced by Agrobacterium-mediated transformation was expressed in the latex of transgenic Hevea plants.
Single-pass sequencing of cDNAs isolated from specialized tissues and organs offers a complementary approach to biochemical and genetic analyses (Adams et al. 1992 , van de Loo et al. 1995 , Lim et al. 1996 , Allona et al. 1998 , Covitz et al. 1998 . Expressed sequence tags (ESTs) generated by such an effort can be used as a tool for rapid identification of new genes. Comparison of ESTs with public databases of identified genes enables putative identification of the cDNAs. In particular, the ESTs derived from a specific tissue, such as wood-forming tissue, provide information on rare and tissue-specific transcripts (Allona et al. 1998 , Sterky et al. 1998 .
As a step toward understanding rubber biosynthesis at the molecular level, we performed partial sequence analysis of random cDNA clones from latex cDNA libraries. We identified several genes expressed in the latex, some of which are latex-specific. The resulting sequence information and cDNA clones will facilitate research into the mechanism of rubber biosynthesis, supply many new cloned genes for genetic engineering, and increase our understanding of rubber biosynthesis. Our long-term goal is to identify genes directly involved in rubber biosynthesis and to manipulate them in order to develop alternative rubber crops.
Materials and methods

Plant material
Latex and leaf samples were obtained from mature rubber plants (H. brasiliensis RRIM 600), growing at the Rubber Research Institute of Malaysia, Selangor, Malaysia. The collected samples were frozen in liquid nitrogen and shipped to the laboratory on dry ice.
Total and poly(A) + RNA isolation
Five g of frozen leaves was homogenized in liquid nitrogen and total RNA was extracted with the Qiagen RNeasy Plant Minikit (Qiagen Inc., Chatsworth, CA). Extraction of poly(A) + RNA from the latex was performed as described by Kush et al. (1990) . Twenty ml of latex was collected in a 50-ml Falcon tube containing 20 ml of 2 × RNA extraction buffer (0.1 M Tris HCl, 0.3 M LiCl, 0.01 M EDTA and 10% SDS, pH 9.5) and stored at -70 o C until used. After thawing, the cell debris was removed from the latex by centrifugation at 8000 g for 10 min. The resulting supernatant was blended on ice three times for 10 s each with a Polytron. The blended sample was extracted twice with an equal volume of phenol:chloroform (1:1, v/v). The RNA was precipitated with 2 M LiCl. Poly(A) + RNA was isolated with the Oligotex-dT mRNA kit (Qiagen Inc., Chatsworth, CA).
Construction of cDNA libraries
Two cDNA libraries made by regular and subtractive hybridization methods were used. A regular cDNA library was constructed in a Uni-ZAP II vector (Stratagene, La Jolla, CA) according to the supplier's instructions with poly(A) + RNA prepared from the latex.
A subtractive cDNA library was constructed as described by Hara et al. (1991) . Briefly, poly(A) + RNA was purified from total leaf RNA (1 mg), annealed with Oligotex-dT at 37°C for 20 min, and centrifuged at 15,000 rpm for 10 min at room temperature. The Oligotex-dT-primed poly(A) + RNA in the pellet was reverse-transcribed with M-MuLV reverse transcriptase (Boehringer Mannheim Co., Indianapolis, IN) at 37°C for 1.5 h. The RNA was dissociated from the Oligotex-dT:cDNA by heating at 90°C for 3 min and rapid cooling on ice, and removed by centrifugation. The Oligotex-dT:cDNA was hybridized with poly(A) + RNA prepared from total latex RNA (840 µg) at 55°C for 50 min and then was centrifuged at room temperature for 5 min. The supernatant containing the subtracted poly(A) + RNA was collected and hybridized again with Oligotex-dT:cDNA as for the first hybridization. The resulting subtractive mRNA was reverse-transcribed and second-strand cDNA was synthesized by using the Marathon ™ cDNA amplification kit (ClonTech Laboratory, Palo Alto, CA). An anchor oligonucleotide (Marathon cDNA adaptor, provided by the kit) was ligated to both ends of the cDNA with T4 DNA ligase. The cDNA linked to the Marathon cDNA adaptor was amplified by PCR using Taq polymerase. The PCR reaction was carried out at 94 o C for 30 s, 55 o C for 1 min and 72 o C for 3 min for 30 cycles. The PCR-amplified products were cloned into pGEM ® -T vector (Promega Co., Madison, WI).
Sequencing of cDNA clones and computer analysis
Plasmid DNA for sequencing reactions was prepared by the alkaline lysis method (Sambrook et al. 1989 ) with the Wizard ® Plus SV Minipreps DNA Purification System kit (Promega). The sequencing reaction was performed with either the ALFexpress AutoRead Sequencing kit (Pharmacia Biotech Inc., Piscataway, NJ) and an ALF automatic sequencer (Perkin Elmer Inc., Norwalk, CT) or with an ABI 310 sequencer (Perkin Elmer). The nucleotide sequences obtained were edited manually to remove vector sequences. Also, sequences shorter than 50-bp or with high ambiguous calls (> 5%) were eliminated. Sequence homology among the EST clones was compared with the ClustalW program. The nucleotide sequences were loaded into the National Center for Biotechnology Information (NIH, USA) form for BLAST searching. The searches were performed using the default settings of BLASTX, an algorithm that translates the nucleotide sequence in all six frames and searches a non-redundant amino acid database for matches (Altschul et al. 1990, Gish and States 1993) . Score and P-value from the BLASTX results were considered when determining significant similarities. Any similarity with a score greater than 80 and a P-value less than 0.001 was considered a hit.
Wounding and ethephon treatment
To simulate wounding, five H. brasiliensis (clone RRIM600) trees were punctured with six nails (i.e., wounded) above and along the slope of the tapping cut. Another five trees that were not punctured served as controls. Latex and leaf samples were collected from each tree about 16 h after puncturing. To study the effect of ethylene, five H. brasiliensis (clone RRIM600) trees were treated by applying 1.0 ml of 2.5% (v/v) ethephon, an ethylene-releasing agent, above the tapping cut. Another five trees that were treated with 1.0 ml of water served as controls. Latex and leaf samples were collected from each tree two days after stimulation.
Northern blot analysis
Fifteen to 20 µg of total RNA was subjected to electrophoresis on a 1.4 % agarose-formaldehyde gel, transferred, and crosslinked to Hybond-N nylon membrane (Amersham International Plc., Amersham, U.K.) by UV radiation. The probe for hybridization was a 32 P-labeled cDNA insert from the respective EST clone. The membrane was hybridized at 58°C overnight in 0.7 M sodium chloride, 40 mM sodium phosphate (pH 7.6), 4 mM EDTA, 0.1% (w/v) SDS, and 200 µg salmon sperm DNA. The blot was washed at 60°C twice in 1 × SSP containing 0.5% SDS, and twice in 0.2 × SSP containing 0.5% SDS for 10 min each. The membrane was exposed to an X-ray film for an appropriate time at -70 °C.
Results
Construction of cDNA libraries
We constructed a regular cDNA library by unidirectional insertion of oligo-dT-primed cDNAs into Uni-ZAP II ® vector (Stratagene, La Jolla, CA). The primary library contained 1 × 10 7 recombinant phages and, therefore, was considered to have an adequate representation of the expressed genes. The phage library was converted through mass excision to a phagemid library in the vector pBluescript. To evaluate the quality of the library, we sequenced the 3′ ends of 15 randomly selected clones. They all had poly(A) tails. Individual clones from the phagemid library were picked at random and the 5′ end of each cDNA was sequenced with an M13 reverse primer.
To maximize the probability of detecting latex-specific transcripts, we constructed a subtractive cDNA library. For the subtractive library, latex mRNA species were subtracted by cDNAs made from leaf tissue. The subtractive cDNAs ranged from 0.75 to 3.0 kb. Similar size distribution was observed after cloning the PCR amplified-library into pGEM ® -T vector. The size distribution is within the expected size range of eukaryotic cDNA libraries, indicating that the library seemed to represent the expressed genes adequately. A total of 124 cDNA clones were picked at random from this library and sequenced with an M13 reverse primer.
Characterization of the EST sequences
Differences between the subtractive library and regular library for the frequencies of matched ESTs and redundant mRNAs were not significant (Chi-square test; Steel and Torrie 1980) . Therefore, we pooled the data from the two libraries for subsequent analyses and presentation. A total of 83 latex ESTs were identified as having homology to genes in public databases (Table 1 ). Fifteen of the 83 genes were from non-plant organisms ranging from bacteria to human.
Sixty percent of the ESTs were not redundant and 57% of the sequenced cDNA matched to genes reported previously (Table 2) . Among the transcripts, REF was the most abundant (6.1%) followed by small rubber particle protein (SRPP) (3.7%), Sdh 524 (3.7%), HbLAR (Hevea brasiliensis latex-abundant mRNA, Accession no. AF098458) (2.9%), Hevein (2.5%), and Sdh 525 (1.6%) ( Table 2) . Transcript HbLAR has amino acid sequence homology to the yeast hypothetical protein YOR197w. An in vitro rubber synthesis assay with the recombinant protein of this gene indicated that the gene product might not be involved in rubber biosynthesis (data not shown). The function of this gene is not known.
Functional classification of the database-matched ESTs
The database-matched ESTs were classified based on their putative functions (Figure 1 ). Twenty-seven percent of the 151 database-matched ESTs encodes proteins with no known function. Next to the genes of unknown function, ESTs encoding rubber synthesis-related proteins were most abundant (15.9%) followed by defense-and protein synthesis-related proteins (both 12.6%) (Figure 1 ). Other genes abundantly expressed (9.9%) were those encoding proteins involved in gene expression and RNA metabolism.
Differential expression of ESTs
We examined the expression of 14 ESTs from the subtractive cDNA library and one EST from the regular library. The levels of gene expression in latex and leaf tissues were compared by northern blot analysis (Figure 2 ). Ten ESTs (71%) showed latex-specific gene expression. The genes expressed abundantly in the latex included abscisic acid activated gene (EST 128), EST encoding a stress-induced cystein proteinase (EST 101012), CROC-1 (DNA binding) protein (EST 51), DnaJ protein (EST 244), EST 111, eIF-4A (EST 56), HbLAR (EST 162), Sdh 524, small rubber particle protein (SRPP; EST 9294), and TCTP (Sdh 77-4). Isoflavone reductase homolog (EST 213) and EST 208 expressed at a slightly higher level in latex than in leaves. The EST encoding inorganic pyrophosphatase (EST 168) appeared not to be expressed in latex, whereas the EST encoding Ser/Thr protein phosphatase PP2A (EST 9244) showed higher expression in leaf tissue than in latex.
Discussion
Rubber is produced in large quantity in H. brasiliensis; the rubber content is about 25-30% of the dry weight per volume of tapped latex, and accounts for about 2% of the dry weight of the plant. Although the plant allocates a large amount of resources for rubber synthesis, it is unlikely that rubber is used as a stored nutrient because H. brasiliensis lacks enzymes capable of degrading it (Backhaus 1985) . The long-standing questions of why and how the plant synthesizes rubber remain to be answered.
In H. brasiliensis, rubber biosynthesis takes place on the surface of rubber particles suspended in latex. We postulated that genes uniquely or preferentially expressed in the latex might be important for rubber biosynthesis. We therefore constructed cDNA libraries from latex to investigate the genes expressed in the latex of H. brasiliensis by single-run partial sequencing of the cDNA clones. The sequence analysis identified a number of genes expressed in latex, some of which are latex-specific (i.e., ESTs with no expression in leaf tissue). For TREE PHYSIOLOGY ON-LINE at http://www.heronpublishing.com HAN, SHIN, YANG, KIM, OH AND CHOW TREE PHYSIOLOGY VOLUME 20, 2000 the purpose of this paper, we used the term specific merely to reflect the significant differences in the expression levels observed between latex and leaf tissue. Functional classification of the ESTs revealed that rubber biosynthesis-related genes exhibited the highest frequency of expression in the latex followed by defense-related genes and protein metabolism-related genes. The rubber biosynthesis-related genes REF and SRPP comprised 25% of the ESTs from the regular library. These proteins are closely associated with rubber particles and may be directly involved in rubber biosynthesis Light 1989, Yeang et al. 1996) . We have recently shown that SRPP is more highly expressed in latex than in leaves and enhances rubber synthesis (Oh et al. 1999) . Kush et al. (1990) reported that hydroxymethylglutaryl CoA synthase (HMGS) and hydroxymethylglutaryl CoA reductase (HMGR), both involved in the early steps of rubber biosynthesis, are highly expressed in laticifers compared with leaves.
The second most frequent transcripts in the latex were the defense-related genes and protein metabolism-related genes.
Latex has been implicated to play a role in defense (Farrell et al. 1991) . However, this postulated physiological role of latex in H. brasiliensis does not seem to coincide with the role of rubber, because the presence of rubber does not deter herbivore feeding, insect attack or disease incidences (Archer and Audley 1973) . We note that our latex-specific gene expression studies were based on northern blot analyses with the selected genes as probe, thus giving biased information. Furthermore, the trees from which the latex was collected were pretreated with ethephon (2-chloroethylphosphonic acid), which can easily be converted to ethylene. The ethephon treatment could have turned on the defense-related genes in the latex. However, Kush et al. (1990) also observed that the transcript levels of plant defense-or stress-related genes were 10-to 50-fold higher in latex than in leaves. Photosynthetic genes, such as the small subunit of ribulose-1,5-bisphosphate carboxylase and chlorophyll a/b-binding protein, were not among the database-matched ESTs. Similarly, Kush et al. (1990) reported that these genes were not expressed at a detectable level in laticifers. Hydrolytic enzymes such as β-1,3-glucanase (Chye TREE PHYSIOLOGY ON-LINE at http://www.heronpublishing.com GENES IN LATEX OF HEVEA BRASILIENSIS 507 and Cheung 1995), cellulase, and polygalacturonase ) are known to be highly expressed in laticifers, but our list of database-matched ESTs did not include them, perhaps because of the small number of cDNA clones sequenced. The DnaJ protein (the prototype of the eukaryotic Hsp40 proteins) is a molecular chaperone involved in protein folding and translocation into organelles, and in the activation of various transcriptional factors. Although several plant DnaJ homologs and isoforms have been reported (Bessoule 1993 , Preisig-Muller and Kindl 1993 , Kroczynska et al. 1996 , Schlicher and Soll 1997 , its expression pattern has not been reported. We found that an EST-containing sequence homologous to the reported plant DnaJs is highly expressed in latex compared with leaf tissue. We screened the cDNA library using this EST as a probe, and obtained a full-length cDNA of the Hevea homolog of DnaJ (HvDnaJ) ). The cDNA insert contained a 1247-bp open reading frame (ORF) encoding a peptide of 415 amino acids with a predicted molecular mass of 46.1 kDa. The deduced amino acid sequence of the putative protein is highly homologous (identity ranging from 88 to 92%) to other plant DnaJ sequences. The finding that wounding did not induce its expression suggests that this gene is not involved in the defense mechanism. However, we do not know whether DnaJ protein is involved in rubber biosynthesis.
The translationally controlled tumor protein (TCTP) is abundant in various lines of animal tumor cells as an untranslated mRNA-protein particle (Yenofsky et al. 1983 ). The exact function of TCTP is not known. Both TCTP and its homologs have been reported from many eukaryotic organisms including human, mouse, chicken, yeast, and plant spe-508 HAN, SHIN, YANG, KIM, OH AND CHOW TREE PHYSIOLOGY VOLUME 20, 2000 cies. Although sequences of several plant TCTP homologs have been deposited in public databases, few references are available for plant species. Sage-Ono et al. (1998) reported the first and seemingly only characterization of a plant TCTP homolog from a short-day plant Pharbitis nil cv. Violet. They showed that the level of the corresponding mRNA increased during dark treatment and the increase was inhibited by end-of-day exposure to far-red light. Comparison of the ESTs with public databases of identified genes assigned a cDNA clone as a putative TCTP homolog. We screened the same cDNA library using this EST as a probe, and obtained a full-length cDNA of the Hevea homolog of TCTP (HevTCTP) . The cDNA contained a 506-bp ORF encoding a peptide of 168 amino acids with a predicted molecular mass of 18.7 kDa. The deduced amino acid sequence of the putative protein is highly homologous to other plant TCTPs (identity ranging from 82 to 85%). Its latex-specific expression suggests that it has some biological functions associated with latex-specific biochemical reactions. The gene is not likely to play a role in defense because neither ethephon treatment nor wounding affected its expression level. A group of 105 EST sequences did not match any sequences in the public database and their tissue specificity has not been established. We are currently analyzing the ESTs expressed at high frequency to determine their latex-specific expression.
Regardless of the outcome of this analysis, the novelty and diversity of the latex abundant-and latex-specific genes should facilitate further molecular analyses of rubber biosynthesis. Tapped latex contains vast numbers of intact organelles, but lacks nuclei and mitochondria. Although latex is multi-cellular in composition, it represents the cytoplasm of a single cell type, because there are no cytoplasmic connections or plasmodesmata between the cytoplasm of laticifers and the adjoining cells (Kush 1994) . The collection of ESTs reported here will provide a useful tool for studying this unique biological system. 
